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Introduction
Parasitic diseases represent a severe threat to fisheries and aquaculture production around the world, causing significant economic losses through reduced growth, morbidity and mortality of fish (e.g., Williams and Jones, 1994; Woo, 1995; Lom and Dyková, 2006; Lafferty et al., 2015) . Whitefish (Coregonus lavaretus) is an economically important fish species with a wide range of occurrence in the northern hemisphere. For example, whitefish is one of the most popular fish species in professional, sport and commercial fishery in Finland, with a total catch of 1.8 x 10 6 kg in 2014 (Natural Resources Institute Finland), and a total fish farm production of 1.2 x 10 6 kg per year for food (Savolainen, 2014) . Henneguya zschokkei (Myxosporea) infects coregonids, including whitefish, in Europe and Russia (Lom and Dyková, 1992) . H. zschokkei infection was recognized in Finland already in the early 1900s (Luther, 1909) . Thereafter, it has been documented in a number of Finnish lakes (e.g., Valtonen et al., 1988; Hyvärinen et al., 2000; Leinonen and Mutenia, 2009) .
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In recent years, this myxosporean has also been found in fish farms with plasmodia up to 20-30 mm in size found in the muscles of whitefish. The presence of such plasmodia makes fish unattractive and thereby hamper whitefish fishery and aquaculture. Some authors have suggested that H. zschokkei and Henneguya salminicola are synonyms for the same species (e.g., Boyce et al., 1985; Lom and Dyková, 1992) . H. salminicola is commonly known to infect salmonids in the North America and Asian coastal waters (Boyce et al., 1985) . Although parasitized fish can be found from the sea, Boyce et al. (1985) suggest that Henneguya infections take place in the freshwater habitats.
Class Myxosporea belongs to the Phylum Cnidaria (Chang et al., 2015) and harbor endoparasites with a life cycle involving an invertebrate and a vertebrate host. Typically, the definitive host of Myxosporea is an oligochaete and the intermediate host is a fish. The oligochaete host of H. zschokkei is not known. Majority of myxosporean infections are harmless to fish, although serious diseases are known (e.g., Lom and Dyková, 1992; Kent et al., 2001) . Myxosporeans clearly have substantial economic impacts on fisheries and aquaculture (e.g., Diamant, 1992) particularly because there are no effective treatments or vaccines available (e.g., Gómez et al., 2014) .
Here, we address several basic questions that are essential in preventing or mitigating the harm of H. zschokkei on whitefish aquaculture and fisheries. (i) What is the distribution of infection within an individual whitefish? It is known that H. zschokkei plasmodia occupy muscles of host fish (Eiras, 2002) , but the spatial distribution pattern of plasmodia within the musculature has not been studied. When processing the fish fillet it will be useful to know where the plasmodia occur within the muscles, in order to, perhaps, develop measures cutting out the plasmodia from the muscles. (ii) Are there certain seasons when infection is more intense, perhaps due to the life cycle of the parasite, or seasonal behaviors of the intermediate host? (iii) Does the parasite infect certain age classes of whitefish? In addition, it would be important to know the development rate of the parasite, i.e., at what age the plasmodia become visible in fish. Finally, (iv) it is also unclear whether the infection affects the condition of the fish. For these reasons, the aims of the present study were to investigate the development rate, age-dependency of infection, seasonality of occurrence and the spatial distribution of plasmodia within the muscles, as well as differences in condition factor between H. zschokkei -infected and uninfected whitefish in a (freshwater) fish farm.
Material and methods

Whitefish material
Whitefish specimens were obtained from the Tervo fish farm (Natural Resources Institute Finland). Three age groups were investigated: 1 y old (year class 2008), 2 y old (year class 2007) and 3 y old (year class 2005) fish (Table 1) . Age group 1 y old fish also included whitefish which were moved for purpose of another experiment, at the age of 0 y old fish (after first summer) from the fish farm to Konnevesi Research Station (University of Jyväskylä) and studied at the age of 1 y old fish. Whitefish used in the present study were grown in fiber glass tanks kept indoor, and were fed with dry pellets. Water supply to the fish farm was from Lake Nilakka (surface area 168 km 2 , average depth 4.9 m) and to the research station from Lake Konnevesi (surface area 200 km 2 , average depth 12.5 m). H. zschokkei has been found in wild whitefish population in both lakes. The fish farm and research station are located in the watershed of the River Kymijoki, flowing to the Gulf of Finland in the Baltic Sea. The distance between the fish farm and the research station is 50 km.
Examination of fish
In 2008, 3 y old whitefish (n = 164) were examined fresh in June, July and August from the fish farm (Table 2 ). In 2009, approximately 50 2 y old fish whitefish were collected every second week from May to September from the fish farm (n = 381), and stored in -20 °C for a later examination. Similarly, in 2009, approximately 50 1 y old fish whitefish from the fish farm (n = 481) and the research station (n = 573) were collected every second week from May to October and stored in -20 °C to be examined later (Table 3) .
The mass and length of each fish was measured. In 2008, 3 y old fish were filleted into 5 mm slices and H. zschokkei plasmodia were observed visually on a glass table using transmitted light. In 2009 (1 and 2 y old fish) H. zschokkei plasmodia were examined by pressing muscle tissue samples between two glass plates (8.0 x 20.0 cm in size) and using a dissection microscope with 6.3-25 x magnification (Olympus SZX9). Occurrence of H. zschokkei myxospores within plasmodia was microscopically verified using 400 x magnification (Motic B series).
In the case of 2 y old fish from the fish farm in 2009, position of each plasmodium was recorded. Each fillet was divided dorso-ventrally and anterior-posteriorly into six parts, totaling 12 parts per one fillet (Fig. 1) . Total number of H. zschokkei plasmodia per part was quantified by combining numbers of plasmodia from both sides of the fish. To be able to estimate the mass of muscles in each of the 12 parts, a separate sample of whitefish (n=11) with same age and size as in 2009 was collected, muscles divided in 12 parts as in 2009, and weighed to the nearest mg.
Statistics
Pearson Chi-Square Test was used to analyse differences in prevalence of infection between age groups, prevalence being defined as the proportion of infected fish among all fish in the sample. Differences between locations within fillet (both sides of fish combined) in the mean number of plasmodia were estimated with nonparametric Wilcoxon Signed Ranks test. We used One-way ANOVA to analyse the intensity of infection of H. zschokkei plasmodia in whitefish among age groups, mean intensity being defined as the mean number of plasmodia per infected fish. Condition index of fish was calculated using the formula K = 100 x (weight/length 3 ) and compared between infected and uninfected fish with independent samples t-test. All statistical analyses were performed with SPSS Version 22.0. To account for multiple tests, the Bonferroni correction was applied to pvalues so that 0.05 was divided by the number of tests to achieve critical p-value α.
Results
In the fish farm, none of the 1 y old fish were infected, and in the research station the prevalence of infection among 1 y old fish was 0.4 % ( Table 1) . Difference between the fish farm and research station among the 1 y old fish in the prevalence of infection was not significant (χ 2 = 0.344, df = 1, P = 0.588). Prevalence of infection in 2 and 3 y old fish was 13.1 and 17.1 %, respectively (Table  1) , being statistically significantly higher than among the 1 y old fish (all studied 1 y old fish combined) (χ 2 = 134.0, df = 1, P < 0.001 and χ 2 = 168.4, df = 1, P < 0.001, respectively). However, prevalence of H. zschokkei infection did not differ significantly between 2 and 3 y old whitefish (χ 2 = 1.459, df = 1, P = 0.227). The two fish from age group 1 y old fish were infected only with a single H. zschokkei plasmodium whereas in 2 and 3 y old fish individuals the maximum number of plasmodia per fish was 101 and 32 respectively. However, heavily infected fish were rare; most of the infected fish had only 1-20 plasmodia, showing an aggregated distribution. Mean (± s.e.) intensity (and median) of H. zschokkei infection in the age group 1, 2 and 3 y old fish was 1.0 ± 0, 11.0 ± 2.5 (median 3.0) and 8.1 ± 1.6 (median 5.5) (Table 1) , respectively. The difference was not significant between 1, 2 and 3 y old fish (One-way ANOVA; df = 2, F = 0.711, P = 0.494).
The infection was notable for the first time in August from 1 and 2 y old fish. The first infected individual was found in the 1 y old whitefish in August and the second one in October from the A C C E P T E D M A N U S C R I P T 4 research station. In 2 y old fish, the prevalence of infection was zero from the beginning of June to 13th of July. When the first H. zschokkei observation was made in early August almost one third of the fish were infected (Table 3) . There was a statistically significant increase in the prevalence of infection among 2 y old fish from 13 th of July to 3 rd of August (Table 3 , Pearson χ 2 = 19.392, df = 1, P = 0.001). From early August on, the parasite was present in 22.0-36.7 % of fish with mean intensities varying from 7.9 to 18.9 plasmodia per fish to the end of the study period in September (Table 3 ). There was no statistically significant difference between sampling dates from 3 rd of August to 7 th of September in the prevalence of infection (Pearson χ 2 = 2.814, df = 3, P = 0.421) or in the intensity of infection (One-way ANOVA, df = 3, F = 1.100, P = 0.359) among the 2 y old fish.
Among the 3 y old whitefish, plasmodia of H. zschokkei were already evident in the first samples collected in June, and were present throughout the study period till August. The monthly prevalence of infection varied from 6.9 to 26.5 % ( Table 2 ). Prevalence of infection in July was significantly lower than in June or August (χ 2 = 6.315, df = 1, P = 0.012 and χ 2 = 8.833, df = 1, P = 0.003, respectively). The mean monthly intensities of infection, varying from 6.4 to 14.4 (Table 2) , did not differ from each other among the 3 y old whitefish (One-way ANOVA; df = 2, F = 1.914, P = 0.169).
Mean (± s.e.) intensity of infection was higher on the dorsal side of the whitefish, 6.2 ± 1.3, compared to the ventral side, 4.8 ± 1.3 (n = 50) (Wilcoxon Signed Ranks Test, Z = -2.444, P = 0.015). Mass-related intensity, i.e. the mean (± s.e.) intensity of infection per mass (g) of muscle part (plasmodium number/mean weight of the part) did not differ between dorsal (0.10 ± 0.02) and ventral (0.10 ± 0.03) side (Wilcoxon Signed Ranks Test, Z = -0.391, P = 0.696). Highest numbers of plasmodia were observed in the middle section of the fish (areas D2-D5 and V2-V5; Fig. 2 ). Statistically significant differences between parts within the fish fillet were mainly characterized with the most anterior and most posterior sites having lower number of plasmodia than the middle parts (Table 4 and Table 5 ). There was a statistically significant positive correlation between the mass of the muscle and number of plasmodia in the muscles (from dorsal: Pearson Correlation = 0.856, P = 0.030, N = 6 and from ventral Pearson Correlation = 0.951, P = 0.004, N = 6) (Fig. 3) .
Finally, there were no differences in the condition factor between infected and uninfected fish, as analysed for the 2 y old fish from August to September (Independent Samples t-test, t = 0.004, df = 178, P = 0.997) and from 3 y old fish from June to August (Independent Samples t-test, t = 0.000, df = 161, P = 1.000).
Discussion
Studies on Myxozoa diseases have shown a connection between water temperature (seasonality) and outbreak of the diseases. The diseases usually tend to occur when the water temperature is high, ~ 15-20 ˚C. This is perhaps not surprising because temperature is known to affect both the parasite occurrence in fish and the release of spores from invertebrate hosts (e.g., El-Matbouli et al., 1999; Tops et al., 2006) . In our study, water temperatures started to increase in April and the highest temperatures were observed in July and August. We found a clear seasonal pattern in the infection dynamics. In the 1 and 2 y old fish, new infections appeared in August. This indicates a distinct seasonal rhythm in the release of H. zschokkei actinospores from the definitive hosts, oligochaetes. These results are in accordance with previous studies on temperature dependence of Myxozoa species in fish hosts that have suggested a seasonal release of actinospores in Myxobolus cerebralis (El-Matbouli et al., 1999) , Ceratonova shasta (Hallett et al., 2012) , Tetracapsuloides bryosalmonae (Tops et al., 2006) and Henneguya ictaluri (Wise et al., 2004) . Alternatively, if the actinospores release and infection of fish are not temporally limited on seasonal basis, the current result suggests that at least the development of plasmodia in fish follows a clear seasonal pattern -with a burst of microscopically visible, new infections in August. Haaparanta et al. (1994) showed a clear
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5 seasonality in the life cycle and infestation of host fish by Henneguya creplini in Finland. New infections appeared on the gills of Perca fluviatilis in July, and mature plasmodia with fully developed myxospores were found mainly in April-May. After that the old plasmodia disappeared from the gills so that in June the fish mostly had no H. creplini infections. This suggests that the life cycles of H. zschokkei and H. creplini, with respect to seasonal infection of fish, may follow a similar pattern. The difference with these parasites, however, is that the plasmodia of H. creplini in gills rupture, release myxospores and disappear every summer while H. zschokkei stay in the host musculature probably until the host dies. Henneguya species can increase mortality of fish and hamper fish farming, but most of them are quite harmless (Lom and Dyková, 2006) . In our study we did not find any evidence that the parasite has negative effect on the condition of the host as measured by a coefficient index based on the size of the fish. Moreover, we did not observe any fish mortality during our study. Nevertheless, it should be noted that if the plasmodia do not stop growing, it is possible that the harmful effects of H. zschokkei is amplified in older fish, and requires further study.
What can we deduce from these results about the exposure of fish to H. zschokkei actinospores and the development of plasmodia? Although the present results showed that the 1 y old whitefish could be infected by H. zschokkei (extremely rarely; 2 cases out of 1054 fish, 0.2 %), in practice the youngest age group infected was 2 y old fish. Judging from the seasonally synchronized appearance of infections in fish in August, the exposure of fish to H. zschokkei actinospores is probably also seasonal. However, the precise time of this event remains unknown.
Similarly, we acknowledge that the age of fish at the time of exposure to the parasite is unknown. Moran et al. (1998) found that myxospores of Kudoa sp. are apparent in the host six months after infection. Szèkely et al. (2001) infected parasite-free roach fingerlings with actinospores of Myxobolus pseudodispar and young plasmodia were observed 80 days after infection. However, in our study all fish were kept in equal conditions, in indoor tanks up to the age of 2 y old fish and, thus, up to the outbreak of the infection. Therefore, it is reasonable to assume that all of the present fish have been exposed to H. zschokkei actinospores throughout their lives. If the exposure has started already at the age of 0 y old fish, but the plasmodia are found (predominantly) not until 2 y old fish of age, it is likely that the development of H. zschokkei inside the fish may be very slow. If the parasite development within fish tissue would be quick (weeks) we should have probably found a high prevalence of infection in 1 y old whitefish.
The parasite plasmodia in whitefish muscles were aggregated. Most of the infected fish had only 1-20 plasmodia. Distribution of the number of plasmodia resembled the negative binomial distribution which is common in most parasite populations in their host (Shaw and Dobson, 1995) . It might suggest differences in susceptibility among individuals if one assumes equal exposure in the tanks. Most of the plasmodia located in the middle of fillet where the mass of the muscle were highest. Correlation was positive between muscle mass and amount of the plasmodia in the site. Studies on the prevalence of Kudoa sciaenae had shown that the prevalence and intensity was highest behind the head and in the anterior part of fish, which was also the highest mean dry weight of the muscle (Oliva et al., 1992 ). However, plasmodia of H. zschokkei were not accumulated in any single part of the fillet, so cutting the fish in a particular way to separate plasmodia may not be possible. On the other hand it is possible to remove plasmodia from fresh fillet, if infection intensity is low.
Controlling Myxozoa diseases is difficult because there are no treatments or vaccines available (Yokoyama et al., 2012) . Thus, preventive measures to avoid infections are very important. These include e.g., reduction of stress (Sitjá-Bobadilla et al., 2015) , improving water quality by filtering incoming water or using clean water supplies from parasite-free water bodies (e.g. Enteromyxum leei, Yokoyama and Shirakashi, 2007) , exposure to ozone (e.g., Ceratomyxa shasta, Tipping, 1988) or UV (e.g., M. cerebralis; Hedrick et al., 2000; Hedrick et al., 2012) . Our study provides the first insight into the seasonality and development of the myxosporean parasite H. zschokkei infecting A C C E P T E D M A N U S C R I P T 6 commercially important whitefish stocks. To mitigate the harmful effects of the parasite on whitefish aquaculture and fisheries, more research on the life cycle, including identification of the definitive oligochaete host of H. zschokkei, is needed. Tables   Table 3. Two years Fig. 1 . "Fish map" used to record locations of H. zschokkei plasmodia within the 2 y old fish. Dorsal (D) and ventral (V) side of the fish was divided into six separate sites. 
